Exogenous cell therapy aims to replace/repair diseased or dysfunctional cells and promises to revolutionize medicine by restoring tissue and organ function. To develop effective cell therapy, the location, distribution and long-term persistence of transplanted cells must be evaluated. Nanoparticle (NP) based imaging technologies have the potential to track transplanted cells non-invasively. Here we summarize the most recent advances in NP-based cell tracking with emphasis on (1) the design criteria for cell tracking NPs, (2) protocols for cell labeling, (3) a comparison of available imaging modalities and their corresponding contrast agents, (4) a summary of preclinical studies on NP-based cell tracking and finally (5) perspectives and future directions.
developed [11, 12] . For example, in 1956, the first successful bone marrow transplant was performed on a leukemia patient by Dr Donnall Thomas in New York [13] . In 1997, the US Food and Drug Administration (FDA) approved autologous cultured chondrocytes for the treatment of cartilage defects in the knee [14, 15] . These successful examples and the failure of current medical practice to treat or reverse disease processes have inspired scientists and clinicians to develop new cell-based therapeutics. Promising approaches include stem cell transplants for myocardial infarction [16] and neurodegenerative disease [17] , and dendritic cell vaccinations for cancer therapy [18] . Currently, thousands of clinical trials around the world involve some form of cell therapy [19] .
While preclinical results have been very promising, few approaches have been translated into humans. This is likely in part due to the lack of a comprehensive understanding of the fate of transplanted cells, their distribution after injection, and the level of engraftment in local microenvironments [20] . Traditionally, monitoring of therapeutic cells is conducted by histological analysis, which is laborious and invasive, requiring multiple tissue biopsies [21] . Non-invasive imaging methods Positron emission tomography 18 F-, 64 Cu-, or 11 C-labeled NPs
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No limit Yes No Yes High [44] are urgently needed for qualitatively and quantitatively monitoring transplanted cells to understand their fate and function, which will facilitate prediction of treatment efficacy, reveal optimal transplantation conditions including cell dose, delivery route, and timing of injections, and ultimately improve patient treatment [22, 23] . Recently, approaches using available imaging techniques, particularly optical imaging, magnetic resonance imaging (MRI) and radionuclide imaging, have been utilized for tracking transplanted cells. Contrast agents are typically used to distinguish the cells from the background of the host tissue [24] . Although small molecules such as gadoliniumtetraazacyclododecanetetraacetic acid, an MRI contrast agent, and Fludeoxyglucose (18F), a positron emission tomography (PET) contrast agent, have been widely used in both research and clinical settings, NPs are receiving increased attention as next-generation contrast agents because of their unique properties [24, 25, 2] . NPs can be synthesized to possess tunable sizes, shapes, compositions, and physical properties (i.e. electronic, magnetic, optical, and thermal properties) [26, 27] . For example, semiconductor nanocrystals or quantum dots (QDs) exhibit not only tunable fluorescence emission wavelength (which is size dependent) but also photostability and multicolor capability under single source excitation [28] . In addition, NPs can be readily designed and prepared to include an array of properties including magnetic and optical scattering, absorption or luminescence for use with multiple imaging modalities [29] . Their surfaces can also be easily conjugated with targeting moieties without changing the physical properties, making them feasible for cell labeling in vitro or selective labeling in vivo [30, 31] .
Here we highlight the latest developments in NP-based contrast agents for cell tracking. Specifically, we start from an introduction of imaging modalities and the design criteria of NPs, and then discuss cell labeling methods. We then concentrate on applications of NPs currently undergoing preclinical or clinical development and conclude with a discussion of ongoing challenges and future prospects for the use of NP-based contrast agents for cell tracking.
Imaging modalities for cell tracking
Imaging modalities for NP-based cell tracking vary greatly in their sensitivity, resolution, penetration depth, cost, quantitative ability and longitudinal tracking abilities (i.e. repeated observations of the same object over long period of time) (see table 1 ). These imaging modalities could be divided based on their penetration depth into two major groups: shallow tissue and deep tissue modalities [24] . Shallow tissue modalities are generally cost-effective but only suitable for small animal studies and superficial applications while deep tissue modalities permit cell tracking in large animals and humans.
Shallow tissue imaging modalities
Shallow tissue imaging usually refers to optical imaging modalities, in which photons penetrate tissue and interact with molecules near the surface. Optical imaging modalities for cell tracking include fluorescence, bioluminescence, photoacoustics, and optical coherence tomography. In general, these techniques are cost-effective, fast, and amenable to repeated measurements in the same animal. However, the limited penetration depth restricts the use of these techniques to small animals and superficial applications.
Fluorescence.
Fluorescence is the property of certain molecules to absorb light at a particular wavelength and to emit light of a longer wavelength after a brief interval known as the fluorescence lifetime [32] . The basic components of a fluorescence imaging system include excitation source, light delivery optics, light collection optics, filters for emitted light, and signal detection and collection components. Fluorescence imaging can provide information at different resolutions and depth penetrations ranging from micrometers (microscopy) to centimeters (macroscopy) [33] .
Bioluminescence (BL).
BL is released from a chemical reaction in the form of visible light. In contrast to fluorescence imaging, there is no inherent background noise which makes this technique highly sensitive. There are two general types of BL [34] . The first involves a biochemical reaction where the total amount of emitted light is directly proportional to the amount of an organic compound present in the organism. The light-emitting reaction is catalyzed by an enzyme responsible for the oxidation of the organic compound, resulting in the production of light. A particularly useful pair is firefly luciferase-luciferin. A typical doses of luciferin is >100 mg kg −1 body weight administered intraperitoneally in a murine model [35] and injected immediately before data acquisition. The second type of BL is emitted by photoproteins, which also emit light in aqueous solutions when a chemical is added [36] . Unlike the luciferin-luciferase system, the total amount of light emitted is proportional to the amount of the photoprotein present. There are currently three different types of photoproteins including calcium activated aequorin and obelin, peroxide activated photoproteins such as that found in Chaetopterus, and an ATP activated form found in the Luminodesmus millipede [37] .
Photoacoustic tomography (PAT).
PAT is a hybrid imaging modality, which is advantageous for its strong optical absorption contrast and high ultrasonic resolution [38] . Pulsed laser light in the near infrared absorbed by sensitive contrast agents (e.g. gold nanorods) creates an acoustic source, whose strength is proportional to the local absorption at the incident optical wavelength. An image is developed by using ultrasound technology, where PAT contrast is directly related to optical absorption. It can sample optical phenomena within tissue to a depth of several centimeters with the cost and convenience of a hand-held scanner [39] .
Optical coherence tomography (OCT).
OCT is an optical signal acquisition and processing technique [40] . It captures 3D images by interferometrically detecting backscattered light, typically near-infrared light, and can provide micrometer resolution [41] . However, the imaging depth in OCT is limited by optical scattering because scattering tends to attenuate and randomize the light [24] . With nearinfrared light, OCT can achieve an imaging depth of up to 2 mm in most tissues. This technique has been used clinically for some applications such as eye examination (i.e. to detect and monitor retinal diseases and optic neuropathies) [42] .
Deep tissue imaging modalities
The modalities suitable for deep tissue imaging, including MRI, PET, and single-photon emission computed tomography (SPECT), have been used in both preclinical studies and clinical practice. In general, compared with MRI, techniques depending on radioactive isotopes (i.e. PET and SPECT) are relatively quantitative and sensitive (the lowest detectable concentration for radioisotopes is 10 −12 M, compared to 10 −7 M for Fe in a conventional MRI scanner) [43] . However, isotopes usually have short half-lives, which limit their applications toward longitudinal imaging. A possible solution is to use an injectable label, such as a radiolabeled dextrancoated iron oxide NP [44] , which can be repeatedly injected for longitudinal cell tracking. Furthermore, techniques using radioactive isotopes or ionizing radiation may be restricted by exposure limits in human trials (mean lifetime radiation exposure should be ∼14.94 mSv with a maximum of 50 mSv allowed in any given year) [45, 46] . By contrast, MRI does not require radiation and is suited for longitudinal tracking. In addition, MRI has high spatial resolution (10-100 μm), tomographic reconstruction ability, and inherent tissue contrast.
PET.
PET is a nuclear imaging technique that produces 3D images of functional processes such as blood flow and metabolism [47] . The PET tracer emits positrons which collide with electrons a few millimeters away, providing two gamma photons in opposite directions. Subsequently, the gamma photons are collected by a PET scanner to allow the construction of the 3D distribution of the radiotracers. These radiotracers can be either a molecule or a NP containing the isotopes (e.g. [48] . PET provides higherresolution images than SPECT (which has about 1 cm resolution-see below).
SPECT.
Similarly to PET, SPECT detects and uses gamma rays to reconstruct true 3D images of the body. However, SPECT directly measures the gamma radiation emitted from the tracer. 
MRI.
MRI is an imaging technique making use of the property of nuclear magnetic resonance to image the nuclei of atoms inside the body [50] . It provides contrast based on the local differences in proton density. It offers great contrast between different soft tissues of the body and provides good anatomical information (resolution <100 μm) [51] . There are two MRI mechanisms, T1-weighted and T2-weighted, which will be discussed in detail in section 4.2. To further improve contrast, contrast agents including iron oxide NPs are used in most MRI experiments.
Design criteria of NPs for cell tracking
The potential application of NPs as contrast agents is attributed to their novel electronic, magnetic, optical, and structural properties that cannot be obtained from either individual molecules or bulk materials. Thus it is critical to successfully exploit the unique features of NPs before using them to understand the fate and function of transplanted cells in cell therapy. The following criteria must be considered when designing these cell tracking NPs.
• NPs with unique physical properties should be prepared using a reproducible procedure to permit standardization.
• The NPs must maintain their physical properties after cellular internalization to provide detectable signals.
• The NPs should have minimal influence and toxicity on the biological properties of cells and tissues.
To design a functional and biocompatible system that can meet these requirements, interdisciplinary knowledge from fields including physics, chemistry, material science, and biology are essential. In this section, we discuss how to satisfy these criteria when designing cell tracking NPs using the most widely used MRI contrast agent, magnetic NPs for T2-weighted imaging, as an example.
Criterion 1: preparation of NPs
Magnetic NPs produce a signal loss in T2-weighted MRI by virtue of susceptibility differences from the adjacent environment [67] . A strong T2 shortening effect is always desired to provide a high signal-to-noise ratio, to permit longterm tracking without significant label dilution due to cell metabolism, and to reduce the requirement of high-field MRI which in turn reduces the cost [27] . Therefore, the pursuit of NPs with high T2 shortening has been a central focus in the development of magnetic NPs.
The T2 shortening effect is closely related to three NP parameters: size, composition, and crystallinity. Commonly used synthetic methods are based on hydrolysis/condensation of M 2+ (where M is a 2+ cation of Mn, Fe, Co, or Ni) and Fe 3+ ions by a base, usually NaOH or NH 3 ·H 2 O, in an aqueous solution, or in reverse micelles [68] . Although this co-precipitation method is suitable for mass production of magnetic NPs, it is difficult to control the size distribution and the crystallinity. In recent years, high-temperature decomposition of metal precursors in organic solvents has been developed to solve this problem [69, 70] . For example, Sun et al demonstrated that the size, composition, and crystallinity of bimetallic NPs (FePt) could be controlled by simply tuning the ratio between surfactants and metal precursors [70, 69] . Jun et al used this method to synthesize NPs from 4 to 12 nm and demonstrated that larger iron oxide NPs provided a stronger T2 shortening effect under the same Fe concentration [71] . The T2 shortening effect is highly sensitive to NP size because it arises from the collective interaction of atomic magnetic dipoles. Other parameters of critical importance to the performance of NPs are the composition and the crystallinity. Lee NPs showed the highest magnetic susceptibility and thus the strongest T2 shortening effect [72] . In addition to the composition, Basti et al showed that iron oxide NPs in the magnetite phase provide a stronger T2 shortening effect than those in the maghemite phase [73] . Finally, the magnetic properties of NPs can be enhanced through the controlled aggregation of NPs into clusters, which induces the magnetic relaxation switch effect [74] . For example, the T2 relaxivity changed from 234 to 512 s −1 mM −1 when the size of the iron oxide NPs clusters increased from 43 to 113 nm, which was controlled via the assembly of amphiphilic mPEG-PLA copolymer with hydrophobic iron oxide NPs in aqueous solution [75] .
Criterion 2: modification and stability of NPs
Regardless of their preparation, NPs for cell labeling should be stable in physiological buffers and biocompatible. This is achieved through coating the surface of the NPs which contacts biological entities such as cells or tissue [76] . The coatings should (i) allow the NPs to be transferred from nonhydrolytic solvents into an aqueous medium if the NPs are synthesized in organic solvents; (ii) increase NP stability in cells and prevent agglomeration; (iii) permit the uptake of NPs by cells via the conjugation of binding ligands. We will discuss these criteria using the modification of magnetic NPs synthesized from the thermal decomposition of metal precursors in organic media as an example.
Magnetic NPs synthesized through thermal decomposition are advantageous in terms of uniform size, well-controlled composition, and high crystallinity, but they are typically synthesized in organic solvents and stabilized by surfactants with hydrophobic tails projecting into the solvent [77] . However, for biomedical applications, NPs have to be soluble and stable in aqueous solution. To address this issue, two types of surface-modification methods have been developed: ligand exchange and biocompatible shells [68] .
• Ligand exchange: The original surfactants on NPs are replaced by bifunctional ligands that consist of a strong binding moiety to the surface of NPs and hydrophilic groups. This ligand exchange strategy is simple to perform and coats the NP surface with a thin passivating layer, resulting in minimal increase in NP size. For example, Xu et al used dopamine as a binding ligand to immobilize Herceptin on the surface of iron oxide NPs [78, 68] and Huh et al used 2,3-dimercaptosuccinic acid to form waterdispersible iron oxide NPs [79] .
• Biocompatible shells: Encapsulation is another common method for surface modification. It is simple and allows the encapsulation of multiple types of NPs within one shell. For example, Insin et al was able to coencapsulate magnetic NPs and QDs in a silica shell, which enabled the live visualization of particle movement in a magnetic field [80] . The coating (especially polymers) not only increases the water solubility of the NPs but also reduces safety and toxicology concerns. Typical shell materials include lipids [81] , silica [82] , biocompatible polymers [83] , and hydrogels [84] .
For both methods, electronic repulsion (e.g. 2,3-dimercaptosuccinic acid modified NPs) or steric repulsion in the presence of polymer shells (e.g. PEG or PEO) enables these modified NPs to be well dispersed in aqueous solution without agglomeration, permitting long-term storage of the product [85] . In addition, PEG and PEO can also prevent NPs from protein adsorption, which allows the NPs to bypass the reticuloendothelial system (RES).
Besides preventing agglomeration in aqueous solution, another function of surface coatings is to stabilize the NPs after cellular internalization. As discussed above, the unique properties of NPs are due to their size, composition, and shape. Internalized NPs usually enter the endolysosomal pathway [86] where they are subject to low pH (∼4.5) and digestive enzymes, which induce NP clustering [87, 88] and decomposition [89] [90] [91] [92] . Particle decomposition is detrimental to the use of NPs for longitudinal tracking of therapeutic cells. To minimize and even prevent these changes, the coating of NPs should be insensitive to low pH and resistant to enzymes. For example, Soenen et al examined four different types of coatings for iron oxide NPs including dextran, carboxydextran, citrate, and cationic lipid [88] . At pH 4.5, citratecoated NPs degraded completely after one week while cationic lipid provided the best protection. The protection by cationic lipid minimized the release of ferrous ion from the NPs allowing MRI imaging of cells for two weeks [88] .
When selecting a surface modification, it is critical that the treatment does not prevent NP internalization by cells. An ideal coating material should actually maximize the internalization of NPs. Efforts to increase NP uptake include modulation of surface charge, deposition of transfection agents (e.g. polyethyleneimine), and covalent attachment of protein transduction domains (e.g. TAT peptide) or monoclonal antibodies to the surface [26] . Modulation of NP surface charge is currently the predominant platform to control the cellular internalization of NPs due to its simplicity and low cost. While neutral functional groups are excellent in preventing unwanted biological interactions, charged functional groups are responsible for active NP internalization (e.g. positively charged NPs interact with negatively charged membrane) [93] . For instance, Lorenz et al evaluated the effect of cationic amino groups on the efficient cellular uptake of 200 nm polymeric NPs in various cell types including mesenchymal stem cells (MSCs). Compared with the neutral NPs, the functionalization with cationic amino groups greatly enhanced the uptake of NPs (>70%) without using transfection agents [94] . Similarly Cho et al examined the role of surface charge in the internalization of gold NPs, where neutral and negatively charged NPs adsorbed much less on the plasma membrane and thus showed lower internalizations compared with positively charged NPs [95] . A further study performed by Chung et al revealed that the positive charge on NPs enhanced the cellular internalization but did not alter the mechanism of endocytosis [96] . These studies have enabled the control of the transfection efficiency of cells and the mediation of gene expression in tissues [97] [98] [99] [100] .
Criterion 3: biocompatibility/toxicity of NPs
To be suitable for cell tracking in vivo, another important criterion is to ensure that the NPs have minimal impact on the cell phenotype and are non-toxic to the host. NP modification should not negatively impact cell viability, proliferation, differentiation, migration/homing, or cell-cell communication. At high concentrations, almost all current NPs (e.g. iron-oxidebased NPs, QDs) influence cell fate to some degree, due to the release of metal ions (e.g. iron, Cd), induced reactive oxygen species (ROS), disruption of protein conformation, and distorted functioning of cell endosomes [101] . The composition, size, shape, surface chemistry, and dose of NPs all have impact on cell biology and function and must be carefully tuned to minimize biological impact. Here we list a few examples of how magnetic NPs influence cell phenotype and function.
Iron ions released from iron oxide NPs have shown influence over cell growth and differentiation. Kim et al noticed an enhancement of neurite outgrowth in PC12 cells labeled with iron oxide NPs which led to the activation of cell adhesion molecules associated with cell matrix interaction [102] . Chen et al showed the inhibitory effect of Ferucarbotran on osteogenic differentiation of human MSCs, which involved the Fe-mediated Wnt/β-catenin signaling pathway [103] . A genetic study conducted by Kedziorek et al revealed the influence of increased cellular iron concentration on gene expression [104] . Specifically, in the labeling of C17.2 neural stem cells with USPIO (ultrasmall superparamagnetic iron oxide), gene expression profiling revealed that ∼1% of genes (49 in total) exhibited greater than two-fold difference in expression relative to unlabeled cells. In particular, transferrin receptor 1 (Tfrc) and heme oxygenase 1 (Hmox1) expression was downregulated early, whereas genes involved in lysosomal function (Sulf1) and detoxification (Clu, Cp, Gstm2, Mgst1) were upregulated at later time points.
Moreover, the surface chemistry of the NPs can influence the host cells. For example, albumin conjugated iron oxide NPs significantly promote proliferation of primary human fibroblasts, whereas uncoated and dextran-coated NPs inhibit their proliferation [105] . Furthermore, a new type of MRI contrast agent, nanodiamonds, were found to cause increased expression of DNA repair proteins, such as p53 and MOGG-1, in embryonic stem cells [106] . The authors proposed that the negatively charged carboxyl coating allowed the nanodiamonds to develop strong noncovalent bonds with cell surface proteins, which resulted in internalization of nanodiamonds by cells and the generation of ROS in the cellular environment leading to DNA damage.
Finally, the concentration of internalized NPs can also impact cell behavior. Soenen et al tested four types of magnetic NPs (i.e. commercially available Endorem and Resovist, very small organic particles, and benchmade magnetoliposomes) on two cell types: murine C17.2 neural progenitor cells and primary human blood outgrowth endothelial cells [107] . They found that all the particles diminish cellular proliferation and affect the actin cytoskeleton, microtubule network architecture, and focal adhesion formation in a dose dependent manner. These phenotypic changes are due to the high load of internalized particles arresting endosomes and thus increasing the total volume of endosomes, which sterically hindered the normal localization of the actin fibers and led to disruption and remodeling of the cytoskeleton.
The biodistribution, half-life, and toxicity after in vivo cell administration are other important aspects of the use of NPs for cell tracking. Although one would assume internalized NPs traffic with the NP loaded cells, the majority of transplanted cells die shortly after administration and the released NPs may circulate and be internalized by phagocytic cells and cleared through the RES, as evidenced by accumulation of NPs in the liver and spleen [108, 109] . Depending on the toxicity mechanism of a particular type of NP, an appropriate coating is typically required to make the NPs less toxic. For instance, biocompatible polymers (e.g. alginate, chitosan) are used to modify Fe 3 O 4 NPs to reduce the toxicity from ROS and released Fe 2+ [101] . While some studies have demonstrated that administered NPs have minimal adverse effects on the NP loaded cells, systematic studies have to be conducted with standardized in vitro and in vivo assays to assess the long-term impact of the in vivo use of NPs. In addition, the potential threats or risks of NPs to human health and the environment, defined as nanotoxicity, are emerging and have been a subject of intense research in the past several years. As nanotoxicity is beyond the scope of the current review, we recommend several recent excellent reviews on this topic for interested readers [101, 110, 111] .
Cell labeling
Once functional and stable NPs with minimal impact on cell phenotype have been designed, the next step is to label the cell of interest. Immune cells may be labeled to gain insight into their trafficking, distribution, and response to inflammation in disease models [112] . Stem and progenitor cells may be labeled to study their engraftment and persistence [1] . Similarly, beta cells in islet transplantation are labeled to examine their viability and proliferation [113] . Finally, cancer cell lines such as HeLa cervical carcinoma cells, C6 tumor cells, liver-metastatic RAW117 cells, and lung-metastatic B16BL6 melanoma cells have also been labeled to study cancer development and tumor metastasis in relevant models [24] .
The simplest and most common way of labeling cells is to label cells in vitro before transplantation. Labeling cells in vitro permits the removal of excess label and dead cells as well as detailed analyses on the labeled cells before transplantation. Upon incubation, NPs can be internalized by cells through phagocytosis or endocytosis. NP internalization can be enhanced through the use of transfection agents such as peptides and liposomes or through electroporation [114] . However, with increased labeling comes the risk of decreased viability. For example, Park et al used a commercial transfection agent (lipofectamine) to improve the labeling efficiency of magnetic NPs on adipose derived stem cells [115] . They found that lipofectamine greatly improved the labeling efficiency but led to decreased cell viability. More laborious techniques such as microinjections can also be used to label cells in vitro. Although in vitro labeling is a widely used procedure, it should be used cautiously when labeling cells with radiolabels, given that the common clinically used radioisotopes have half-lives ranging from ∼2 to 48 h (hours) restricting the length of time they can be detected in vivo. Therefore, cell labelling with radiolabels needs to be done shortly before transplantation.
In addition to in vitro labeling, it is also possible to label cells in vivo. This labeling technique is performed through injection of labels either systemically or locally. Labels may be taken up non-specifically through phagocytosis or targeted to a specific cell type through antibody-mediated targeting. For example, Shapiro and colleagues injected micrometer sized iron oxide particles into the lateral ventricle or closely into the subventricular zone of rat brain to label progenitor cells and examine their migration [116] . Shaw et al reported high throughput synthesis and screening of NPs decorated with synthetic small molecules, which demonstrates high specificity to endothelial cells, human macrophages, or pancreatic cancer cells [117] . In vivo labeling eliminates the in vitro purification of labeled cells, and is thus not restricted by the short half-life of radiolabels. The agent can be injected before each imaging session and permits longitudinal studies without loss of signal. Furthermore, only viable or functional cells will be able to take up NPs efficiently. For example, Nahrendorf et al imaged macrophages in atherosclerotic plagues in a mouse model through systemically injecting 64 Cu-labeled dextran-coated magnetic NPs [44] . Flow cytometric analysis demonstrated that macrophage-associated radioactivity contributed 73.9% of the total radioactivity. Common problems of in vivo labeling, however, include restricting uptake to the target cell populations, accumulation in non-specific areas, the large doses required to allow sufficient uptake by the target cells, clearance of unbound label, and clinical exposure limits for radioisotopes [23] .
The appropriate labeling approach should be selected to achieve optimal labeling efficiency for the application. New labeling techniques should be characterized thoroughly to determine their effect on cell phenotype. In addition, labeling for clinical use must be performed in a good manufacturing practices (GMP) facility using compounds that may be approved for human use.
Tracking NP-labeled cells with imaging modalities
The goal of cell tracking is to study the distribution and migration of cells following transplantation. There have been numerous developments of NP-based contrast agents that utilize a variety of imaging modalities (table 1) . Here we focus on the three most widely used imaging modalities: (1) fluorescent NPs for fluorescent imaging, (2) magnetic NPs for MRI, (3) radioisotope containing NPs for PET or SPECT imaging.
Fluorescent NPs for optical imaging
Optical imaging, especially fluorescence imaging coupled with contrast agents, is perhaps the most widely used imaging technology in biological science because of its desirable features of rapid frame rates, high temporal resolution, low cost, lack of radiation, and high sensitivity (detection limit as low as 10 −12 M of fluorescent tracers) [118] . Traditional fluorophores including small organic molecules (e.g. Rhodamine) and fluorescent proteins (e.g. green fluorescence protein) are cost-effective and easy to use. However, they suffer from photobleaching when subjected to long-term exposure to excitation, which limits their application for the long-term study of cells [119] . One solution to this problem is the usage of QDs consisting of semiconductor NPs (typically 2-5 nm in diameter) with desirable fluorescence properties (broad band absorption spectra, narrow band emission, and high resistance to photobleaching). In contrast to organic fluorophores the emission wavelength of QDs does not depend on their chemical structure but rather on the size of the QDs. QDs in the range of 2-5 nm exhibit discrete energy levels and tunable optical absorption/emission properties that are dependent on their size, shape, and chemical composition. In practice, the smaller the QDs the higher the energy or frequency of the emitted light; hence, as a QD increases in size, the color it emits changes across the visible spectrum from blue to red (figure 1). Since the 1980s, several methods have been developed to precisely synthesize QDs of desired sizes and shapes. We refer the reader to a comprehensive review on QDs by Obonyo et al for details [120] . Compared with organic dyes and fluorescent proteins, QDs offer a broader range of emission spectra that cover both the visible and near-infrared (NIR) wavelengths, exhibit larger absorption coefficients, and have much higher photostability [121] .
One of the early applications of QDs for cell tracking was demonstrated by Lei et al [56] , where MSCs labeled with QDs were systematically injected into NOD/SCID beta2 M null mice. The fluorescence of QDs was used to quantify the tissue distribution of the MSCs in different organs after sacrificing the mice. It was found that the MSCs were primarily retained in the liver, the lungs and the spleen, with little or no accumulation in the brain, the heart, or the kidneys. Ohyabu et al further showed that labeling MSCs by internalized QDs did not have adverse side effects on the differentiation potential of MSCs in vitro or in vivo [53] . Recently, Sugiyama et al reported the non-invasive tracking of MSCs labeled with near-infrared QDs (QDs800) after the cells were transplanted into a rat infarct brain [57] . Previously, MSCs had been genetically labeled with green fluorescent protein (GFP) and transplanted into the rat striatum post-infarction; however, follow-up of the GFP-labeled MSCs was limited to rats with a thin cranium or cranial window and suffered bleaching during longitudinal imaging [122] . In contrast, MSCs labeled with QDs800 overcame these disadvantages, enabling long-term, non-invasive imaging. The near-infrared signal of QDs800 could penetrate through the cranium and scalp. QD-labeled MSCs could be observed between one and eight weeks with the highest fluorescence signal recorded four weeks after transplantation.
Another exciting application of fluorescent real-time tracking is to observe the function and migration of dendritic cells (DCs) in vivo. DCs initiate adaptive immunity by presenting antigen to T cells in lymphoid organs [123] . DC therapy seeks to deliver DCs preconditioned with diseaseassociated antigens (e.g. tumor lysate) back into patients to induce an adaptive immune response. However, limited success has been achieved in DC-based immunotherapies with many unaddressed questions regarding the delivery method, injection frequency, DC phenotype, etc [124] . Thus, a non-invasive imaging method for tracking DCs' migration to lymphoid tissues would be highly useful to optimize the injection condition, dose, and frequency. Sen et al labeled skinresident DCs in vivo by subcutaneously injecting QDs [52] . DCs with QDs were then tracked by fluorescence imaging as they migrated to draining lymph nodes. Pre-labeling DCs with QDs in vitro also allows for non-invasive tracking of the migration of therapeutic DCs [55] . Lim et al demonstrated this by tracking DCs labeled with NIR-emitting QDs as they homed to lymph nodes [54] . QD labeling showed minimal influence over viability and maturation, DC phenotype or maturation potential in vitro.
Another example is the tracking of natural killer cells with QDs [54] . By labeling NK92MI cells with anti-CD56 antibody-coated QD705, Lim could track the cells for up to 12 days after intratumoral injection in a tumor (MeWo cells) bearing mouse. The natural killer cells labeled with QDs presented a similar therapeutic effect to the native cells, revealed by a decrease in tumor size compared to untreated mice.
The above preclinical test revealed that labeling cells with QDs provides high quantum yield with a very narrow emission spectrum, high sensitivity, and stable labeling for months. This labeling also allows for the simultaneous tracking of multiple cell populations that are labeled with QDs of different emissions in the same animal [125] . QD labeling is one of the most suited imaging techniques for tracking different cell populations simultaneously. The future direction would be to apply this technology to reveal the interaction of therapeutic cells with the local microenvironment in a particular disease model, e.g. how do systematically injected MSCs transmigrate across the endothelium at sites of ischemia or injury [126] ?
Unfortunately, the currently available QDs are not clinically applicable because of toxic cadmium cores or other nondegradable components [127] . This can be solved by developing cadmium-free or biodegradable QDs. One alternative is to use FDA-approved Cornell dots that consist of a core of about 2.2 nm in diameter containing several dye molecules, surrounded by a protective silica shell [128] . Similar to QDs, Cornell dots are many times brighter (20-30 times) than single dye molecules in solution and resist 'photobleaching'.
Magnetic resonance imaging
MRI is a non-invasive and non-destructive modality that can reconstruct 2D and 3D images of an internal living structure. Importantly, MRI is not limited by the volume or depth of the object of interest, making it well suited for whole body imaging [129] . Currently, the image acquisition time of the latest MRI scanners is of the order of seconds, which enables fast dynamic imaging. The spatial resolution is around 10 μm (cells usually have sizes around 5-15 μm) [130] . These advantages have made MRI one of the most valuable tools for cell tracking in vivo.
The principle of MRI stems from nuclear magnetic resonance (NMR) together with the relaxation of proton spins in a magnetic field(figure 2). When the nuclei of protons are exposed to an external magnetic field, their spins align either with or against the magnetic field [27] . During their alignment, the spins precess under a specified frequency, known as the Larmor frequency (ω 0 ). When a resonance frequency in the radio-frequency (RF) range is introduced to the nuclei, the protons absorb energy and are excited to the transverse state ( figure 2(A) ). After the disappearance of the RF pulse, the excited nuclei relax to their initial state. There are two different relaxation pathways. The first is longitudinal or T1 relaxation, involving the decreased net magnetization in the z-direction recovering to the initial state ( figure 2(B) ). The second is transverse or T2 relaxation, where the induced magnetization on the perpendicular plane (x y plane) decreases by the dephasing of the spins ( figure 2(D) ) [131] .
Based on their relaxation processes, contrast agents are classified as T1 or T2 contrast agents, including magnetic NPs for T2-weighted imaging and gadolinium doped NPs for T1-weighted imaging [132] . Magnetic NPs (e.g. iron oxide NPs) shorten the spin-spin relaxation times (T2 and T2*) of the neighboring regions, and produce a decreased signal intensity in T2-and T2*-weighted MR images(figures 2(D) and (E)). And gadolinium doped NPs generate a brighter image in T1-and T1*-weighted MR images due to the shortening of the spin-lattice relaxation time (T1 and T1*) (figures 2(B) and (C)).
Magnetic NPs.
Magnetic NPs for applications as contrast agents in MRI range in size from tens of nanometers to 1 μm. They comprise of a magnetic (e.g. iron oxide) core, a coating layer, and functional groups on the particle surface. Such particles act as contrast agents by creating a large dipolar magnetic field gradient that is experienced by protons in close proximity to the particle [133] . One of the effects is the signal dephasing due to the local field inhomogeneity induced in water molecules near NPs [51] (figures 2(D) and (E) ). This effect is seen as hypointensity or negative contrast on T2-weighted and T2*-weighted images due to shortening of T2 and T2* relaxation times. To be visualized in vivo, the iron concentrations should reach at least 1 pg to >30 pg of iron per labeled cell, compared with unlabeled cells containing less than approximately 0.1 pg of iron [134] .
The applications of magnetic NPs to label and thus monitor cells have been used to understand cell migration, biodistribution, and proliferation in numerous diseases, such as neurological diseases, myocardial infarction, diabetes, and cancer [135] . For example, in a striatal lesion model for Huntington's disease, rat MSCs secreting neurotrophic factors (NTFs) were labeled with Feridex NPs and were locally transplanted [136] (figure 3). In the 18 days following injection, the migration pathway and local distribution of cells were revealed through 3D axial gradient echo imaging. The NTF secreting MSCs were found to migrate along the internal capsule toward the striatum (figures 3(A)-(C)). The 3D axial gradient imaging also revealed that migration occurred in all three dimensions, first inferiorly, then medially and anteriorly, and finally laterally arriving at the striatum. When MSCs labeled with USPIO were intraaortally administered into an experimental rat model of acute kidney injury, T2 mapping revealed the immediate accumulation of MSCs in the renal cortex (day 0) and their presence for up to 14 days [65] . A further examination of the liver, spleen, and bone marrow through T2 mapping showed delayed migration to the spleen, liver (day 3-7), and bone marrow. This is an indication of the physiological stem cell homing process. In contrast, in the control animals injected with pure USPIO, the maximum signal reduction and shortening of T * 2 in the liver and spleen was detected immediately after injection (day 0) due to the accumulation of free circulating iron oxide particles in the cells of RES. Efforts have also been made to quantify the cells by examining the transverse relaxation rate (i.e. R 2 ) and apparent diffusion coefficient (ADC). For example, Chopp et al tried to evaluate the concentration of Feridex NP-labeled neural progenitor cells with R 2 (difference in R 2 values in the ischemic tissue with and without labeled cells) in a rat stroke model [137] . The gradient echo 3D images found the injected cells at the occipital, parietal, and temporal cortex and in the striatal areas of the ischemic hemisphere five days after injection. Moore et al achieved non-invasive imaging of islet grafts in diabetic mice by labeling the beta cells with magnetic NPs before transplantation [138, 139] . A recent report even monitored vascularization following islet transplantation with dynamic MRI [64, 140] .
The safety and convenience of magnetic NP-based MRI tracking have enabled a few early phase clinical trials, including DCs in stage III melanoma patients, neural stem cells in brain-damaged patients, CD34
+ bone marrow stem cells in patients with chronic spinal cord injury, and islet cells in diabetes patients [135, 141] . The first clinical trial with magnetic NP-labeled cells focused on monitoring cellular vaccine therapy with labeled dendritic cells (DCs) [141] . DCs were transplanted directly into lymph nodes of patients with melanoma and the migration of these cells was serially monitored by MRI through adjacent lymph nodes. The investigators were able to delineate whether labeled cells engrafted into lymph nodes or surrounding subcutaneous fat. In addition, the authors indicated that serial MRI demonstrated that ferumoxide-labeled DCs were cleared from the subcutaneous fat by 30 days after injection. The sensitivity could reach ∼2000 DCs per voxel. Another exciting application is to monitor the migration of neural stem cells (NSCs) labeled with Feridex NPs [142] . Cells from patients suffering traumatic brain injury with open head trauma were extracted, placed in culture, and labeled with Feridex NPs. In this early phase trial, patients received intracerebral injections of the labeled NSCs around the area of brain injury. Approximately 50 000 cells were implanted at each site in the brain with up to 10 implantations made per patient. Serial MRIs over the following 10 weeks demonstrated the migration of Feridex NP-labeled neural stem cells from the injection sites into white and gray matter that was not observed in the patient receiving unlabeled cells. They also confirmed that the magnetic signal was from implanted NSCs, not from macrophages that engulfed the labeled NSCs, through doublelabeling the NSCs with green fluorescent protein (GFP).
Gadolinium doped NPs.
Negative contrast agents such as magnetic NPs produce strong hypointensities (dark spots) on T 2 -or T * 2 -weighted MR images. Sometimes, it is difficult to distinguish magnetic NPs-labeled cells in tissue with either a low intrinsic MR signal or hemorrhage due to the similar signal intensity characteristics [143] . Hence, the ability of contrast agents to produce bright positive signal intensity in T 1 -weighted images and to increase the contrast of transplanted cells would be advantageous for tracking such cells in lowsignal tissues.
Most available T 1 -weighted contrasts are gadolinium (III) (Gd 3+ ) chelates because of the high magnetic moment and symmetric electronic ground state of the Gd 3+ ion. However, Gd-based compounds are restricted to extracellular space and, in general, lack the ability to accumulate within cells [144] . Considerable efforts have been devoted to improving cellular uptake and optimizing the relaxation effect using Gd containing NPs. Differently from magnetic NPs which create a large dipolar magnetic field gradient that could be experienced by protons in close proximity to the particle, Gd 3+ shortens the T1 relaxation times of coordinated H 2 O molecules, which are in rapid exchange with bulk H 2 O. Therefore, it is critical to leave at least a free site on the Gd 3+ ion for coordination of H 2 O and to allow the Gd 3+ ion to access the H 2 O molecules in the local environment. One early example synthesized a Gd 3+ ion-coated liposome, which enabled the in vitro labeling of tumor cells in 2 hours and the subsequent imaging in vivo 7 days post-inoculation [145] . Inorganic mesoporous silica NPs have also been used to host Gd 3+ ions to promote cellular internalization by MSCs, which was visualized under a 1.5 T MRI system in the basal ganglions of nude mice for 14 days [60] . A recent report utilized singlewalled carbon nanotubes to encapsulate Gd 3+ ions, which surprisingly amplified the relaxivity of the Gd 3+ ions by nearly 40-fold [146] . The MSCs were labeled with those nanotubes in 4 hours without affecting cell viability, differentiation, or self-renewal abilities.
The use of Gd 3+ ion containing NPs for cell tracking is still in its infancy. The majority of works are still focused on the synthesis of contrast agents and labeling cells. There are very few reports using this type of NP to study biodistribution, migration, or functionality of administered cells in vivo. One of the reasons might be the lack of knowledge about the longterm stability of those materials in cells and their influence over the cell functionality [147] . Thus, more effort should be spent studying the long-term effects of cell labeling with Gd 3+ ion containing NPs.
Radioisotope containing NPs for PET or SPECT imaging
SPECT and PET are radioisotope-based techniques that differ mainly in the radioisotope used and the mechanism for signal generation and detection [148] . SPECT [149] . The first group produces gamma rays of different energy levels, which allow the detection by the SPECT camera through lead collimators. The positron-emitting radioisotopes produce signal via annihilation events (figure 4), in which each positron collides with a nearby electron to produce two 511 keV gamma rays 180
• apart [150] . The annihilation causes the emission of a pair of gamma rays which can then be coincidentally detected by a PET scanner. The highenergy gamma rays are able to penetrate through the body, which allows these techniques to be performed in both small animals and humans. One of the biggest advantages of PET and SPECT is the high sensitivity (SPECT 10 −10 -10 −11 M; PET 10 −11 -10 −12 M), which allows the administration of small, nonpharmacological doses (nanograms) for imaging purposes [151] . Therefore, the radiotracer is administered in such a small amount that it does not impact the biological system. With the presence of several FDA-regulated contrast agents (e.g. 2-[F-18]-fluoro-2-deoxy-D-glucose for PET, oxine for SPECT), there have been numerous preclinical trials to track radioisotope-labeled cells in animal disease models and even clinical trials [152] . For example, Blocklet et al assessed myocardial-labeled CD34+ cell homing after intracoronary implantation in patients with acute myocardial infarction through PET and SPECT [153] .
However, any technique has its problems. The main disadvantages of nuclear imaging include the low spatial resolution (clinical SPECT 7-15 mm; clinical PET 6-10 mm; microSPECT 0.5-2 mm; microPET 1-2 mm), patient exposure to radiation, and short half-life of radioisotopes that limit the duration of cell tracking [148] . Therefore, attempts are being made to combine other imaging modalities with PET/SPECT, including PET-CT and PET-MRI while eliminating or reducing their disadvantages [154] . NPs are ideal scaffolds on which to build contrast agents that integrate multiple imaging modalities into a single platform.
These radioisotope containing NPs for PET/SPECT imaging are usually prepared through one-step chelating radioisotope ions onto the pre-synthesized NPs, which decreases the potential exposure of researchers to the radiation and also maximizes the lifespan of detection. The pre-synthesized NPs could be polymeric NPs (e.g. latex beads [155] ) or inorganic NPs (e.g. QDs [156] ) that are conjugated with the emitted positron from the isotope travels in tissue for a short distance (typically less than 1 mm, but dependent on the isotope), during which time it loses kinetic energy, until it decelerates to a point where it can interact with an electron. When an electron and positron collide, they produce two gamma photons to be emitted in opposite directions. Multi-headed gamma cameras detect these emissions 'coincident' in time. (B) The radioisotope emits the gamma photon that is detected by a simple gamma camera. More specific details about the chelates can be found in other reviews [157] .
The deposition of a radioisotope chelator onto a QD or magnetic NP surface would provide a dual-function contrast agent to combine the high sensitivity of PET with the high spatial resolution of MRI or fluorescent imaging [156, 158] . Stelter et al showed that an aminosilane-coated magnetic NP could be functionalized with a fluorescent dye (fluorescein) and a positron-emitting radioisotope (gallium-68) [159] . Hepatogenic HuH7 cells labeled with these particles were intravenously administered and could be followed through the sensitive γ -ray measurements. The imaging results revealed the predominant localization of the labeled cells in the lungs 2 hours after injection and the even distribution throughout the animal's body 48 hours later. Nahrendorf et al designed a PET-MRI-fluorescence trimodality contrast agent through chelating 64 Cu onto the dextranated and DTPA-modified magnetofluorescent NPs [44] . This kind of NP was used to image the macrophages and to identify the atherosclerotic lesions in an Apolipoprotein E deficiency (apoE −/− ) mouse model. The combination of PET, MRI and fluorescence combined the individual advantages of each imaging modality. After in vivo distribution of the NPs, all the imaged apoE −/− mice showed a robust PET signal in the aortic root and arch, which showed significant differences between accumulated dose in excised aortas and carotids in apoE −/− versus wildtype mice (figure 5).
Concerns and perspectives
Although NP-based contrast agents have been widely investigated and used for cell tracking in numerous preclinical and clinical trials, there are concerns that should be considered before they become broadly used.
Specifically, issues concerning contrast agent transfer, label dilution during cell proliferation and migration, and lack of information about cell functions must be addressed (table 2) [23, 135] .
Contrast agent transfer
A major concern about NP-based contrast agents is their transfer from labeled cells to surrounding cells due to normal cell processes (e.g. exocytosis and cell death). For example, Florence et al showed that magnetic NPs could be released by cells upon stress through vesicles, which are subsequently internalized by naive macrophages and trigger an intercellular transfer of magnetic labels [160] .
The agent transfer phenomenon is especially important in longer living, dividing, and migratory cells that are pre-labeled before transplantation. Imaging modalities can only detect the contrast agents, without knowing whether the labels are still associated with the host cells. When NP-labeled cells divide or die in vivo, the NPs may be transferred to neighboring cells or to the extracellular matrix. Therefore, the clearance pathways and timelines of the contrast agents should be examined. A good example is the tracking of MSCs in vivo [161] . When MSCs were labeled with an MRI contrast agent (i.e. SPION) and transplanted in Matrigel to areas of inflammation or angiogenesis in a mouse model, ∼10% of cells were found to be both CD11b and dextran positive 7 days later. Since CD11b is a marker for macrophage and dextran is a marker for NPs, there was obviously agent transfer from MSCs to macrophages. Another example is the study of iron-labeled cells in the ischemic myocardium in mice [66] . The authors found that there was no change in the signal voids observed in MRI scans in terms of their number, size or location regardless of whether the transferred cells were alive or dead at the time of transplant. These studies show that the fate of NP labels must be carefully characterized, generally using conventional histological techniques or flow cytometry, before valid conclusions can be drawn regarding cell numbers or even localization from in vivo imaging data alone [23, 162] .
Signal dilution
Besides the transfer of particles to surrounding cells, NPs internalized within the injected cells are also subject to dilution due to cell division and exocytosis. One unavoidable consequence of this dilution is the decrease and eventual loss of signal, which is a major limitation for long-term tracking of rapidly dividing cells [163] . For example, Neri et al found that after the third subculturing passage of NP-labeled cells, the number of NP-positive cells decreased by more than 80% [164] . One approach is to genetically engineer the cells to produce NP probes, which is similar to engineering cells to express green fluorescence protein. While transfection of a cell with long-term expression of the gene is complicated, it can avoid the dilution of NPs during cell division. There are only a few available reported genes for generating NP-based contrast agents [165] . One example is the iron storage protein ferritin, which could store up to 4500 Fe(III) atoms in a ferrihydrite core resulting in shortened T2* in MRI [166] . Naumova et al overexpressed ferritin in mouse skeletal myoblasts (C2C12 cells), without compromising normal cell function, they observed a 25% decrease in T2 relaxation time in vitro compared to wild-type cells. Transgenic grafts were detected in vivo three weeks after transplantation into infarcted hearts of syngeneic mice. Another NP-producing gene is magA, a gene in magnetotactic bacteria known to be involved with iron transport into 293 cells. magA produces iron oxide NPs containing 2064 iron atoms [167] . Zurkiya revealed that magnetic NPs were formed in the multivesicular bodies of the cells (293FT) three days after transfection, which improved the iron accumulation (4× compared with untransfected cells) and permitted the visualization of the cells in the mouse brain by MRI five days after transfection [168] .
Genetic engineering of cells with NP-producing genes allows the stable expression of imaging probes and prevents the dilution of signal, which enables longitudinal tracking of cells in animal models. However, it is still an open question whether genetic engineering of cells will have any longterm consequence on cell phenotype or function, which may compromise the potential clinical translation [169] . Another approach to address the signal dilution problem is to achieve single particle/single cell detection [170] . For instance, by labeling cells with small iron oxide NPs, the Fe concentration per cell can be 10-30 pg, which permits the tracking of cells up to 10 divisions given that the current detection sensitivity of a typical MRI scanner is 0.1 pg per cell [171] . After 10 divisions, the Fe concentration per cell becomes lower than 0.1pg and thus not detectable.
Lack of information about cell function
While tracking cells in vivo can provide insight into the efficacy of a therapy, the function of the cells in those locations is equally important. Currently NP-based contrast agents only allow for localization of cells and observation of their temporal-spatial dynamics. It would, however, be of great interest to go beyond this mere localization of labeled cells and observe cellular functions (e.g. the differentiation of stem cells) [172] . For example, during islet transplantation, magnetic NPs could be used to label islets and monitor islet graft in diabetic mice in real time [139] . However, this labeling would not report the survival of the transplanted islets and the level of insulin secretion. Transplant success is still gauged by measuring blood glucose levels. Even if there is loss of some transplanted islets, the upregulation of insulin production from the remaining islets will not be useful to determine whether only a few or many cells exhibit potential for insulin secretion. Thus there is a significant need for contrast agents and related in vivo assays to study the functions of transplanted cells [23] .
One potential solution may be to genetically engineer cells with a reporter gene containing a contrast agent-producing gene. When a cell changes from one functional state to another new state, the intrinsic contrast mechanism will be upregulated by activation of the corresponding promoter. Reporter gene methods have been widely explored for radionuclide applications [173] . One related example is an endogenous reporter gene comprising enhanced green fluorescent protein (EGFP), and influenza hemagglutinin (HA)-tagged ferritin that is tightly coregulated by tetracycline. C6 cells stably expressing this construct enabled the detection of tetracyclineregulated gene expression by MRI. The withdrawal of tetracycline induced expression of ferritin and increased intracellular iron content, which elevated the MR relaxation rates both in vivo and in vitro [174] . Recently, our group published another exciting strategy, in which we modified the cell surface with molecular sensors (e.g. anti-PDGF-BB aptamer) [175] . When the administered cells migrated/homed to a specific organ/tissue, the molecular sensors could report the local expression of chemokine/cytokine (e.g. PDGF-BB) in real time.
Conclusion
In this paper, we have summarized several typical NPbased approaches for cell tracking. To enable sensitive detection with high spatial resolution in vivo, the physical and chemical properties of the NPs should be precisely controlled during synthesis. To elucidate the complex spatial-temporal dynamics of the transplanted cells, the NPs and the cell labeling process should have minimal impact on the biological functions of the transplanted cells. Current techniques for cell tracking include fluorescence tracking with QDs, MRI tracking using magnetic NPs, and PET imaging with radioisotope containing NPs. The next generation of smart imaging agents should be amenable to multiple imaging modalities and permit reporting on cell function as well as location. Finally, we conclude that more characterization must be performed to elucidate and mitigate agent transfer, signal dilution, and any detrimental effect labeling agents have on cells. The generation of new materials together with a more thorough understanding of cell-label interactions will greatly improve the applicability of NP-based cell tracking and prevent over-interpretation of imaging results.
